in rRNA processing, and with several other RNA-binding proteins . By use of monoclonal and Gideon Dreyfuss* antibodies to SMN, we have also found that it has a Howard Hughes Medical Institute unique cellular localization. SMN shows general localDepartment of Biochemistry and Biophysics ization in the cytoplasm and is particularly concentrated University of Pennsylvania School of Medicine in several prominent nuclear bodies called gems. Gems Philadelphia, Pennsylvania 19104-6148 are novel nuclear structures. They are related in number and size to coiled bodies and are usually found in close proximity to them . Coiled bodSummary ies are prominent nuclear bodies found in widely divergent organisms, including plant and animal cells (BohSpinal muscular atrophy (SMA), one of the most commann et al., 1995a; reviewed in Gall et al., 1995) . Coiled mon fatal autosomal recessive diseases, is characterbodies contain the spliceosomal U1, U2, U4/U6, and U5 ized by degeneration of motor neurons and muscular snRNPs, U3 snoRNAs, and several proteins, including atrophy. The SMA disease gene, termed Survival of the specific marker p80-coilin, fibrillarin, and NOP140 Motor Neurons (SMN), is deleted or mutated in over (Bohmann et al., 1995a , and references therein; Gall et 98% of SMA patients. The function of the SMN protein al., 1995). Expression of p80-coilin mutants and microis unknown. We found that SMN is tightly associated scopic observations suggests a close association bewith a novel protein, SIP1, and together they form a tween coiled bodies and the nucleolus (Raska et al., specific complex with several spliceosomal snRNP 1990; Andrade et al., 1991; Bohmann et al., 1995b). Howproteins. SMN interacts directly with several of the ever, the specific functions of coiled bodies are not snRNP Sm core proteins, including B, D1-3, and E.
G) cap of the snRNAs is hypermethylated to yield disease) and mild forms (type II and III) according to the 2,2,7-trimethylguanosine (m 3 G) (Mattaj, 1986) . In addiage of onset and the severity of the disease (Munsat, tion, varying numbers of nucleotides are trimmed from 1991; Crawford and Pardo, 1996) . The Survival of Motor the 3Ј end of several of the snRNAs. Proper Sm core Neurons (SMN) gene (Lefebvre et al., 1995) has been assembly, cap hypermethylation, and 3Ј-end processing shown to be the SMA disease gene, and it is deleted or are important for nuclear import of the assembled mutated in over 98% of SMA patients (Bussaglia et al., snRNP particles (Fischer and Lü hrmann, 1990; Hamm et 1995; Chang et al., 1995; Cobben et al., 1995; Hahnen al., 1990) . Finally, just before or after the nuclear import, et Lefebvre et al., 1995; Rodrigues et many internal nucleotides are modified and more than al., 1995; Velasco et al., 1996; Lefebvre et al., 1997) . The 30 snRNP-specific proteins associate with the individual SMN gene encodes a protein of 296 amino acids with snRNP precursors to complete their biogenesis (Mattaj, a calculated molecular mass of 32 kDa (Lefebvre et al., 1988; Lü hrmann et al., 1990; Neuman de Vegvar and 1995) . The sequence of the protein does not show any Dahlberg, 1990; Zieve and Sauterer, 1990) . However, the significant homology to any other protein in the datadetailed mechanism of how the Sm core proteins and bases.
the snRNP-specific proteins form functional assembled Recently, in the course of studies of the functions snRNPs is not clear. of heterogeneous nuclear ribonucleoproteins (hnRNPs)
Here we report the molecular cloning and character- (Dreyfuss et al., 1993) , we found that the SMN protein ization of a protein designated SIP1 (for SMN-interacting interacts with fibrillarin, an RNA-binding protein involved protein 1) that forms a stable heteromeric complex with SMN in vivo and in vitro. SIP1 is a novel protein, and it colocalizes with SMN in gems and in the cytoplasm. We Also shown is the amino acid sequence alignment of SIP1 with the S. cerevisiae Brr1 protein. The boxes indicate identical amino acids, and the borderless gray boxes indicate similar amino acids.
have isolated a large protein complex (ca. 300 kDa) that interacts with SMN, which we term SIP1. The predicted amino acid sequence of SIP1, along with the sequence contains both SMN and SIP1 together with several spliceosomal snRNP proteins. We have found that SMN of the Xenopus laevis homolog that we isolated as described below, is presented in Figure 1 . SIP1 encodes interacts directly with several spliceosomal snRNP core Sm proteins, including B/BЈ and the D and E group a protein of apparently 279 amino acids (including the potential 24 amino acids predicted by the EST seproteins. Interestingly, we found that SIP1 has limited but significant similarity to the recently described yeast quence) with a calculated molecular mass of 32 kDa and pI of 5.3. protein Brr1, which has been shown to play a role in the production of spliceosomal snRNPs (Noble and Guthrie, To examine the interaction of SIP1 with SMN and to characterize SIP1 further, we generated monoclonal 1996a, 1996b). SMA may, therefore, be the result of a genetic defect in spliceosomal snRNP biogenesis in antibodies to the SIP1 protein by immunizing mice with purified recombinant 6His-tag SIP1 (starting with the motor neurons. second methionine). Two of these monoclonals, 2E17 and 2S7, were further characterized in detail and shown Results to react with SIP1 specifically by both immunoprecipitation and Western blotting (data not shown). 2E17 reacted SIP1, a Novel SMN-Interacting Protein Using SMN as a bait in a yeast two-hybrid screen of a also with a protein of similar size in Xenopus, and using this as the primary antibody, we screened a Xenopus HeLa cDNA library, we isolated ten independent partial cDNA clones with insert sizes from 1 kb to 1.3 kb, all oocyte cDNA library and obtained the Xenopus homolog of SIP1. The predicted amino acid sequence of Xenopus of which contained the same open reading frame. The longest of these clones, designated 7-10, contained an SIP1 is presented in Figure 1 . Interestingly, all of the eight clones we obtained from the library screen lack insert of 1.3 kb that was completely sequenced. Using the BLAST search program to search the GenBank datathe first 24 amino acids that are potentially found in the human EST clone. Xenopus SIP1 is highly similar to base, an EST (clone #Z64761) (Cross et al., 1994) that is identical to the 5Ј end of clone 7-10 and extends human SIP1, the two proteins being ‫%09ف‬ identical in amino acid sequence. BLAST searches did not reveal further upstream was identified. Conceptional translation of this cDNA revealed another potential methionine significant homology to any other protein in the databases. However, we subsequently noticed a yeast pro-24 amino acids upstream of the first methionine of clone 7-10. Immediately upstream of this methionine is a stop tein, termed Brr1, that has significant similarity to SIP1 (Figure 1 ), and this is discussed below (see Discussion). codon. We are not certain which methionine is the actual initiation methionine for the full-length cDNA. The 3Ј-untranslated region is very AU-rich and contains a SIP1 Interacts with SMN In Vitro and In Vivo In order to confirm the yeast two-hybrid results, we putative polyadenylation site AAUAAA. Thus, this is likely the full-length cDNA clone for the novel protein that tested for interaction of SIP1 with SMN both in vitro and IP), 2S7 readily detects SIP1 in the 2B1 immunoprecipitates, indicating that SIP1 is coimmunoprecipitated with SMN. In a reciprocal experiment, the SMN protein could also be coimmunoprecipitated by the anti-SIP1 monoclonal antibody 2S7 ( Figure 2B , lane 2S7 IP). This result was confirmed with other monoclonal antibodies to SMN and to SIP1. As shown in Figure 2 and from data not shown, there is no crossreactivity between the anti-SMN and anti-SIP1 antibodies. These results indicate that SMN and SIP1 are associated in vivo and can be coimmunoprecipitated by either anti-SMN or anti-SIP1 antibodies.
Further indication of the existence in vivo of a complex containing both SIP1 and SMN was obtained from gel filtration experiments. HeLa nuclear and cytoplasmic S100 extracts were fractionated on a high performance gel filtration column, TSK-GEL G3000-SW, and each fraction was subjected to SDS-PAGE. SMN and SIP1 were detected in the column fractions by immunoblotting with specific monoclonal antibodies. Figure 2C shows the results of the cytoplasmic fractionation. SMN and SIP1 comigrate as a peak of ca. 300 kDa, suggesting that they are part of a large macromolecular complex. The observed size suggests that this complex contains either multiple copies of the SMN and SIP1 proteins or additional components. This complex is very stable, as it resists dissociation by 4 M urea, and it is observed in both the nuclear and cytoplasmic fractions. immunofluorescence, that SIP1 is found throughout the cytoplasm. HeLa cytoplasmic S100 extract was fractionated on a cytoplasm and also displays intense staining of promi-G3000-SW column. The fractions were analyzed by SDS-PAGE, and nent discrete bodies in the nucleus. This pattern is very the SMN and SIP1 proteins were detected by Western blot. similar to that seen for the SMN protein , except that the nucleoplasmic staining of SIP1 is somewhat stronger than that seen for SMN. In order to determine if the intensely staining nuclear in HeLa cells in vivo. For the in vitro binding assay, SMN was expressed as a fusion protein with glutathione structures are gems or coiled bodies, we performed double-label laser confocal immunofluorescence exper-S-transferase (GST), and SIP1 was produced and labeled with [ 35 S]methionine by in vitro transcription and iments using antibodies against p80-coilin ( Figure 3C ), fibrillarin ( Figure 3D ), snRNP proteins (Y12, Figure 3E ) translation in rabbit reticulocyte lysate. Purified GST or GST-SMN fusion proteins immobilized on glutathionefound in coiled bodies, and SMN ( Figure 3F ) found in gems. Figures 3C-3E show the double labeling with the Sepharose were incubated with labeled SIP1 protein.
Following washing at various salt concentrations (200 coiled body markers and with 2S7. The nuclear structures that contain SIP1 are clearly different from coiled mM to 1 M), bound proteins were dissociated by boiling in SDS-containing sample buffer, and the eluted material bodies, but the two bodies are, in most cases, closely associated. However, the staining with the anti-SIP1 was analyzed by SDS-PAGE. As shown in Figure 2A , full-length SIP1 bound specifically to immobilized GSTmonoclonal antibody 2S7 and a rabbit serum raised against exon 7 of SMN show that SMN and SIP1 com-SMN but not to GST alone. This binding appears to be very avid because it is not disrupted at 1 M NaCl.
pletely colocalize in gems ( Figure 3F ). The weak signal in the cytoplasm makes it impossible to determine whether Immunoprecipitation experiments were performed to examine if SMN and SIP1 interact in vivo. Anti-SMN SMN and SIP1 also completely colocalize in the cytoplasm. However, we believe this is very likely because monoclonal antibody 2B1 was used to immunoprecipitate SMN from total HeLa cell of the tight association of SMN with SIP1 described above (see also accompanying paper, Fischer et al., extract. The immunoprecipitates were then resolved by SDS-PAGE and immunoblotted with monoclonal anti-1997 [this issue of Cell]). The colocalization of SMN with SIP1 further supports the conclusion that these two body 2S7 against SIP1. As shown in Figure 2B (lane 2B1 proteins exist as a complex in the cell. SIP1 is thus the deoxycholate-containing buffer and to a high salt wash (500 mM NaCl). As a reference for these immunoprecipisecond constituent of gems described so far.
tations (and for reasons discussed below), we also included a lane showing an immunoprecipitation with the The SMN-SIP1 Complex Contains Spliceosomal snRNP Proteins monoclonal antibody Y12 against the Sm proteins common to spliceosomal snRNPs ( Figure 4A , lane Y12) (LerThe observation that SMN and SIP1 are in a complex of ca. 300 kDa prompted us to search for other protein ner and Steitz, 1979; Lerner et al., 1981) . To characterize further this complex, we used two-dimensional nonequicomponents in this complex. To do this, we carried out immunoprecipitations using anti-SMN and anti-SIP1 librium pH gradient gel electrophoresis (NEPHGE). Figure 4B shows the major proteins that are specifically monoclonal antibodies from 35 S-labeled HeLa cell lysates, and the immunoprecipitated proteins were then found in the anti-SMN (2B1) isolated complex but not in control (SP2/0), and these are labeled as SIP1, SIP2, analyzed by SDS-PAGE. As shown in Figure 4A , similar patterns were obtained with anti-SMN and anti-SIP1 SIP3, and SIP4. A group of basic, low molecular weight proteins in the anti-SMN immunoprecipitate show the antibodies. Several proteins can be specifically coimmunopurified by anti-SMN and anti-SIP1 antibodies. Besame pattern as some of the Sm proteins in immunopurified snRNPs. For direct comparison, Y12 immunoprecipsides SMN and SIP1 proteins, there is a prominent doublet at ‫79ف‬ kDa, a group of proteins of ‫82ف‬ kDa, and a itate from HeLa nuclear fractions was analyzed in parallel, and U1A, Sm B/BЈ, D1-3, E, F, and G proteins of group of proteins of ‫51ف‬ kDa. This protein complex is quite stable, since it is resistant to SDS/Triton X100/ snRNPs migrate in exactly the same pattern as those proteins in the SMN complex. Immunoblotting experi-B/BЈ and also one or several of the Sm D proteins. When the same experiments were done with in vitro translated ments with monoclonal antibodies against the U1 snRNP-specific protein U1A and the anti-Sm mono-SIP1, we did not detect any specific binding of SIP1 to snRNP proteins, although, in the same assay, SIP1 binds clonal antibody Y12 confirmed that these proteins are indeed the spliceosomal snRNP proteins. Immunoprestrongly to recombinant SMN protein (data not shown). These findings suggest that the association of SMN with cipitations with Y12 starting with either total HeLa extract or from nucleoplasm also showed that SMN and snRNPs occurs via direct protein-protein interaction between SMN and Sm B/BЈ and one or more of the D SIP1 could be detected in Y12 immunoprecipitates by immunoblotting (data not shown). The immunoprecipitagroup proteins, although we cannot entirely exclude the possibility that some component in the rabbit reticulotions shown in Figure 4 were carried out using nucleoplasm as the starting material. Similar results, although cyte lysate mediates this interaction. To study this further and to examine the binding in solution to other Sm with considerably higher background, were obtained from cytoplasmic or whole cell extracts, and predigesproteins, we used in vitro translated and 35 S-labeled Sm proteins B, D1, D2, D3, E, F, and G and tested their tion with RNases did not reduce the signal (data not shown). This suggests the SMN-SIP1-Sm protein comability to bind to recombinant GST-SMN fusion protein immobilized on glutathione-Sepharose beads (Lehmeier plexes are found both in the nucleus and in the cytoplasm. Though we have not been able to determine et al., 1994; Herrmann et al., 1995; . As shown in Figure 5B , all Sm proteins except for F and definitively whether the immunoprecipitated complexes contain snRNAs (the resistence of the complexes to G bound efficiently to GST-SMN, whereas there was no detectable binding to GST alone. However, similar RNase digestion does not preclude this possibility, as the RNAs may not be fully accesible), experiments deexperiments failed to detect any interaction between the Sm proteins and SIP1 (data not shown). scribed in Fischer et al. (1997) nus (aa 13-44) and the C terminus (aa 240-267), assuming that these domains may be involved in important cates that SMN binds specifically and directly to Sm SIP1 to SMN, while the binding of Sm B was unaffected ( Figure 5C ). In contrast, BSA-P2 strongly inhibited the binding of Sm B to SMN but had no effect on the binding of SMN to SIP1. As a nonspecific control, we used BSA coupled to HIV1 Rev NES (BSA-Ctrl) (Fischer et al., 1995) , and this, in contrast, had no effect on the binding of SMN to either protein ( Figure 5C ). Additional experiments showed that the corresponding domains of SMN are alone sufficient for binding to SIP1 and Sm B (data not shown). Similar results were obtained for the other Sm proteins. Thus, these experiments define two independent binding sites for SIP1 and the Sm proteins on SMN. SMN may therefore serve as a critical bridge between the Sm proteins and SIP1 and nucleate the formation of the SMN-SIP1-Sm complex.
Discussion
Molecular characterization of the protein product of the gene that causes SMA, SMN, has led to the discovery of a novel nuclear structure, called gem, in which SMN is concentrated . Gems appear by size, number, and proximity to be related to coiled bodies, another subnuclear structure of unknown function. Previous studies suggested that gems, like coiled bodies, are involved in RNA metabolism, and, consistent with this, SMN was found to interact with several RNAbinding proteins and possibly also with RNA directly . However, the specific function of SMN remained obscure. Here, in a yeast two-hybrid screen using SMN as the bait, we have FXR family protein (Zhang et al., 1995) and the Sm E, F, (B) In vitro translated [ 35 S]-labeled Sm proteins B, D1, D2, D3, E, F, and G were incubated for 30 min at 4ЊC with GST-SMN immobilized G complex . The 300 kDa complex on glutathione-Sepharose beads. The beads were then washed six that contains SMN and SIP1 is stable even in 4 M urea. or to an unrelated control sequence from HIV-1 Rev NES (ctrl). After
As loss or mutation of SMN leads to motor neuron dewashing the beads, bound proteins were eluted by boiling in SDSgeneration, it will be interesting to determine if mutations PAGE sample buffer and analyzed by SDS-PAGE followed by fluoin or loss of SIP1 also causes neurodegenerative disrography.
ease. Chromosomal mapping and experiments to generate SIP1-null mutation in the mouse and determine their effect are under way. protein-protein interactions. These regions are also conserved in several candidate SMN orthologs identified in Immunopurification of the 300 kDa complex showed that it contains, besides SMN and SIP1, spliceosomal divergent organisms (Talbot et al., 1997) . These peptides were then coupled to BSA (termed BSA-P1 and BSAsnRNP core proteins including B/BЈ, D, E, F, and G, the snRNP-specific protein U1A, and several other unidenti-P2, respectively) and used as competitors in the binding assays for SMN to SIP1 and the Sm proteins. Without fied proteins. Furthermore, we found that SMN interacts directly with several spliceosomal snRNP core Sm procompetitors, SIP1 and Sm B bound to GST-SMN ( Figure  5C ). However, BSA-P1 completely abolished binding of teins, including B/BЈ, D1-3, and E. These data suggest protein Brr1 Guthrie, 1996a, 1996b) . The sedium plates lacking leucine and tryptophan and then assayed for quence alignment of the two proteins is shown in Figure   ␤ -galactosidase activity by filter assay as described by the manufac-1. Brr1 has been shown to be involved in snRNP biogenturer. Of 6 million transformants screened, 146 were His ϩ LacZ ϩ esis in Saccharomyces cerevisiae. Deletion of Brr1 colonies. These positives fell into ten groups. One of these groups causes destabilization of newly synthesized spliceosohas ten independent cDNA clones that all encode identical semal U2 snRNA, and Brr1 interacts genetically with the quences of SIP1. The library plasmid was recovered from these yeast Sm D1 protein (Noble and Guthrie, 1996b there is no SMN homolog in S. cerevisiae and that alproduction and screening and ascites fluid production were perthough SIP1 functions with SMN in metazoan snRNP formed as previously described (Choi and Dreyfuss, 1984) .
biogenesis, Brr1 fulfills the functions of both in yeast.
Production of Proteins In Vitro
To find out if SIP1 and Brr1 are functional homologs, it SmN protein (Latchman, 1990) .
Immunoprecipitation and Immunoblotting Experimental Procedures
Immunoprecipitation of in vitro translated SIP1 protein was carried out in the presence of 1% Empigen BB buffer as previously deYeast Two-Hybrid Screening scribed (Choi and Dreyfuss, 1984). Immunoprecipitation and purifiThe human HeLa cDNA library, yeast strains, and yeast plasmids pGBT9, pGADGH, pVA3, and pTD1 were from Clontech, Inc. The cation of the SMN complex was carried out using total HeLa lysate in the presence of 0.5% TritonX-100 as previously described (Piñ olantibody, Dr. Joan A. Steitz for the anti-Sm Y12 monoclonal antibody, and Dr. Joseph Craft for the anti-fibrillarin antibodies. We Roma et al., 1988) . For immunoblotting, proteins were resolved on a 12.5% SDS-polyacrylamide gel and transferred to nitrocellulose thank Dr. Reinhard Lü hrmann and Veronica Raker for purified snRNP proteins and plasmids. We thank Dr. Peter Bannerman and Tracy membrane (Schleicher and Schuell, Inc., Keene, NH) using a BioTrans Model B Transblot apparatus (Gelman Science) according to Oliver for help with the confocal microscopy. We are grateful to members of our laboratory for stimulating discussions and, in particthe instructions of the manufacturer. Filters were incubated in blotting solution (PBS, 5% nonfat milk) for at least 1 hr at room temperaular, Drs. Paul Eder, W. Matthew Michael, Sara Nakielny, Victoria Pollard, and Haruhiko Siomi for helpful discussions and critical comture, rinsed with cold PBS, and then incubated with primary antibody for at least 1 hr at room temperature. Filters were washed three ments on this manuscript. U. F. received an AIDS scholarship and a grant from the Deutsche Forschungsgemeinschaft (SFB 286). This times in PBS containing 0.1% Tween 20, and bound antibodies were detected using the peroxidase-conjugated goat anti-mouse IgG plus work was supported by the Howard Hughes Medical Institute and by a grant from the National Institute of Health. IgM (Jackson ImmunoResearch Laboratories). The protein bands were visualized by an ECL Western blotting detection kit (Amersham) after washing three times in PBS containing 0.1% Tween 20.
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